INTRODUCTION

Abstract: A numerical and experimental study of multiple circular synthetic jets interacting with low Reynolds number laminar channel flow is presented. Flow velocity and temperature fields in channel are computed using three-dimensional computational model under a meso-scale. The working fluid is air. Moreover, flow visualization in water is performed under approximately double size. The computed flow field and heat transfer distribution on the wall are compared with the experimental results.
Laminar flow and heat transfer in ducts has been frequently studied in the past [1, 2] . Recently, an importance of this topic arose in the case of microchannels of the microelectromechanical systems (MEMS) [3, 4] . An important consequence is that the transport processes under low Reynolds numbers are limited by low rate of laminar (Fickian) gradient diffusion processes. An intensification of these processes can be achieved by an excitation of flow fields by superimposed oscillations. In the present study, an active flow control of the main laminar channel flow by means of synthetic jets (SJs) [4] [5] [6] [7] is used. It is known fact that the SJs can be used in various applications typically aimed at the flow control or at heat and mass transfer enhancement [8, 9] . In order to investigate the effects of synthetic jet interaction with cross flow in microchannel for the cooling of microchips, a three-dimensional computational model was recently developed by Timchenko et al. [10, 11] and Lee et al. [12] . To account for the deflection of the membrane located at the bottom of the actuator cavity, a novel moving mesh algorithm has been adopted to solve the flow and heat transfer. On the other hand, commercial solvers have been frequently used for complicated geometry cases [13] [14] [15] [16] , particularly for the laminar channel flow with multiple circular synthetic jets [14, 15] . Because of the difficulties associated with experimental work at the micro-scale level, the present numerical and experimental investigations of this case are performed at the meso-scale (the channel cross section size is in order centimeters).
EXPERIMENTAL AND NUMERICAL INVESTIGATION
Recently, an experimental study of the heat and mass transfer caused by a laminar chDQQHO IORZ HTXLSSHG ZLWK D V\QWKHWLF MHW DUUD\ ZDV FRQGXFWHG E\ 7UiYQtþHN HW DO >@ Figure 1 (a) shows a schematic view of the experimental setup. The tested channel (cross-section height H x width B = 20 mm x 100 mm) is made out of Persplex with a rounded inlet to prevent flow separation. The total length of the channel is approximately 600 mm. The channel outlet is connected via a rotameter to the suction-side of a radial ventilator with electrical power control. The SJ array consists of four SJs of diameter D = 2.1 mm, located across of the width on the channel top ( Fig. 1(a) ), and driven by two actuating piezoelectric membranes of diameters D D =39.5 mm (see [17] for more details). The Reynolds numbers of channel flow and SJ are defined as Re C =2U C H/Q and Re SJ =U 0 D/Q respectively, where U C is the mean velocity of the channel flow and U 0 is the time-mean orifice velocity relevant to the extrusion stroke of SJ [4, 7] :
where f is the frequency (f=1/T), T is the time period, and T E is the duration of the extrusion stroke (T E =T/2 at a common sinusoidal waveform of the orifice centerline velocity u 0 (t)). Local mass transfer was measured using the naphthalene sublimation method [9, 17] . The non-dimensional expression of mass transfer coefficient is the Sherwood number, which can be defined for the channel flow and for impinging SJ as Sh C = h m 2H/D n and Sh SJ = h m D/D n , respectively, where D n is the mass diffusion coefficient of naphthalene vapor in air, calculated for measured temperature and pressure. Mass transfer data were transformed to predict the heat transfer using the heat/mass transfer analogy:
where Nu C (=2hH/k), Nu SJ (=hD/k), Pr and Sc are the two Nusselt numbers, Prandtl number, and Schmidt number, respectively; h is the local heat transfer coefficient, and k is the thermal conductivity. A more detailed description of the experimental method and uncertDLQWLHV ZDV ZULWWHQ E\ 7UiYQtþHN HW DO >@ For a qualitatively demonstration of the "jet synthesis", flow visualization in water was performed under approximately double size. The tin ion visualization method was used. This method is based on the tin ion transfer from an anode to a cathode in an electrolytic solution, described by Honji et al. [18] . For the present experiments, a tin wire with diameter 0.5 mm is used as the anode, and a copper stick of diameter 6 mm and length 140 mm is the cathode. Tin ions from the anode are releasing after supplying by DC voltage source with voltage 30 V and current 0.1 A. These particles are visible as "white streaklines". Experiments are performed by actuators frequency f = 15 Hz. In this case, for lightning laser from PIV system New Wave Gemini with output energy 120 mJ in each pulse are used. To take pictures, a camera Nicon D300 is used. A light sheet is made by standard cylinder optics. The laser pulse frequency was set to 5 Hz. Exposition time of the camera was set to 1.6 s; i.e. Fig.2 shows an average of 8 SJ cycles. A generic computational code, ANSYS CFX-13 is utilized for the present fluid flow and heat transfer numerical study. The three governing equations are mass (continuity), momentum and energy conservation. The natural convection and buoyancy are not taken into consideration in the present formulation. The computation is based on the continuum concept in the form of a finite volume spatial discretisation. The domain geometry, boundary conditions and domain interfaces definitions are based on the recent experimental study [17] . Two meshes (course and fine) are used in this study, consisting of tetrahedral and prism cells. The total number of cell was about 7.5x10 6 and 8.7x10 6 for course and fine mesh, respectively.
The flow is assumed to be three-dimensional, laminar, incompressible, and nonisothermal. The working fluid is air. The size of the time step was chosen about T/100. A more detailed description of the numerical approach was discussed by Lam [15] and Timchenko [16] .
Boundary conditions are prescribed following the case A of the experimental study [17] : 
Thermal boundary condition:
The constant inlet temperature is prescribed as 20.5°C. The constant wall temperature 25.0°C is prescribed on the exposed wall from x=í mm to x = 236 mm, for entire width of the channel (B) in the z-direction. The constant environmental temperature (incl. air at the channel input) is prescribed 20.5°C. A maximal temperature difference 5 K is permitted.
RESULTS AND DISCUSSION
The initial step for the experiments is the flow visualization, which is performed in quiescent water without channel flow for f=15Hz and Re = 177, i.e. U 0 = 0.059 m/s (the parameters were chosen to agree with the previous study [14] ). Figure 2 shows the visualization the "jet synthesis" processes of four SJs. Instead of Fig. 1 , water SJs are directed upward; a choice of this upside-down arrangement is caused by problems with water deaeration. Although the visualization is qualitative in character, it is helpful for an idea of an impinging SJ interaction near the exposed wall. A numerical part of this study has started by validation and verification of the method. This step confirmed the present approach, as was discussed somewhere else [15, 16] . x The windward side of SJ exhibits rather large vortex structure near the exposed wall. Apparently, this vortex results from a mutual action of the impinging SJ and separated channel flow. The former effect is known as the unsteady separation even at steady impinging jets, and oscillating features of SJs promote this effect. The latter effect is known as the horseshoe vortex upstream an obstacle or a jet in a cross flow. x The leeward side of SJ exhibits very large structure resulting from a flow separation upon the exposed wall and from the wake flow downstream the SJs. x The third flowfield structure is shown in Fig 4 - it is located between the SJs in Plane I.
It is the reverse stagnation line known from the wall jets running in opposite directions. Obviously, all these structures can contribute a desirable heat transfer enhancement. More precisely, they can promote a spreading of the heat transfer enhancement region over a larger area (the maximum of the heat transfer rate will be always in the stagnation point of the impinging SJ). Figure 5 shows the local heat/mass transfer distribution along the channel wall without SJs. The comparison of the results obtaining with fine and coarse meshes confirm reliability of the computation and mesh independency for a developed channel flow, because nearly no differences between both results are found for x/H>-5. On the other hand, differences exist in the part of the channel flow development, x/H<-5. Figure 5 shows a comparison of the numerical and experimental [17] results. A rather reasonable agreement can be concluded. Figure 6 shows the local heat/mass transfer distribution on the exposed wall at Plane II. The experiments [17] found the maximum heat/mass transfer rate in the stagnation point, and the spreading of the heat transfer enhancement area downstream the channel flow. The numerical results are still rather far from a satisfactory agreement. Despite the maximum is computed at the stagnation area, its magnitude is much higher than the EPJ Web of Conferences 01094-p. 4 experimental data. Moreover, the numerical results show surprisingly small heat transfer enhancement area. Reasons for these disagreements are still unknown. They can result from principal differences of the thermal conditions (despite the effort to define them as similar as possible -taking into account the heat and mass transfer analogy). These effects will be investigated in the near future.
CONCLUSION
A transient simulation of synthetic jets operating across the laminar channel flow has been performed. The numerical solution has been verified to ensure the solution is physically meaningful and validated with experimental data with fair agreement as well as a mesh convergence to demonstrate grid independence. Reasonable results of are achieved in numerical simulation of unsteady flow fields. The results show interesting flow structures, which agree with expectations, and which can be useful for heat transfer enhancement. The results in numerical simulation of heat transfer demonstrate enhancement of the heat transfer rates in comparison with the steady state. It agrees with the experiment. On the other hand, numerical simulation still over predicts this enhancement effect. An explanation of this difference will be matter for the near future.
ACKNOWLEDGEMENT
We gratefully acknowledge the support of GA AS CR (IAA 200760801), and GA CR (P101/11/J019) 
